High lactate generation and low glucose oxidation, despite normal oxygen conditions, are commonly seen in cancer cells and tumors. Historically known as the Warburg effect, this altered metabolic phenotype has long been correlated with malignant progression and poor clinical outcome. However, the mechanistic relationship between altered glucose metabolism and malignancy remains poorly understood. Here we show that inhibition of pyruvate dehydrogenase complex (PDC) activity contributes to the Warburg metabolic and malignant phenotype in human head and neck squamous cell carcinoma. PDC inhibition occurs via enhanced expression of pyruvate dehydrogenase kinase-1 (PDK-1), which results in inhibitory phosphorylation of the pyruvate dehydrogenase ␣ (PDH␣) subunit. We also demonstrate that PDC inhibition in cancer cells is associated with normoxic stabilization of the malignancy-promoting transcription factor hypoxia-inducible factor-1␣ (HIF-1␣) by glycolytic metabolites. Knockdown of PDK-1 via short hairpin RNA lowers PDH␣ phosphorylation, restores PDC activity, reverts the Warburg metabolic phenotype, decreases normoxic HIF-1␣ expression, lowers hypoxic cell survival, decreases invasiveness, and inhibits tumor growth. PDK-1 is an HIF-1-regulated gene, and these data suggest that the buildup of glycolytic metabolites, resulting from high PDK-1 expression, may in turn promote HIF-1 activation, thus sustaining a feed-forward loop for malignant progression. In addition to providing anabolic support for cancer cells, altered fuel metabolism thus supports a malignant phenotype. Correction of metabolic abnormalities offers unique opportunities for cancer treatment and may potentially synergize with other cancer therapies.
High lactate generation and low glucose oxidation, despite normal oxygen conditions, are commonly seen in cancer cells and tumors. Historically known as the Warburg effect, this altered metabolic phenotype has long been correlated with malignant progression and poor clinical outcome. However, the mechanistic relationship between altered glucose metabolism and malignancy remains poorly understood. Here we show that inhibition of pyruvate dehydrogenase complex (PDC) activity contributes to the Warburg metabolic and malignant phenotype in human head and neck squamous cell carcinoma. PDC inhibition occurs via enhanced expression of pyruvate dehydrogenase kinase-1 (PDK-1), which results in inhibitory phosphorylation of the pyruvate dehydrogenase ␣ (PDH␣) subunit. We also demonstrate that PDC inhibition in cancer cells is associated with normoxic stabilization of the malignancy-promoting transcription factor hypoxia-inducible factor-1␣ (HIF-1␣) by glycolytic metabolites. Knockdown of PDK-1 via short hairpin RNA lowers PDH␣ phosphorylation, restores PDC activity, reverts the Warburg metabolic phenotype, decreases normoxic HIF-1␣ expression, lowers hypoxic cell survival, decreases invasiveness, and inhibits tumor growth. PDK-1 is an HIF-1-regulated gene, and these data suggest that the buildup of glycolytic metabolites, resulting from high PDK-1 expression, may in turn promote HIF-1 activation, thus sustaining a feed-forward loop for malignant progression. In addition to providing anabolic support for cancer cells, altered fuel metabolism thus supports a malignant phenotype. Correction of metabolic abnormalities offers unique opportunities for cancer treatment and may potentially synergize with other cancer therapies.
Cancer is a disease whereby genetic mutation results in uncontrolled cell growth combined with malignancy. High lactate accumulation, despite adequate oxygen availability, is a metabolic pattern commonly associated with malignant transformation of the uncontrolled dividing cell. This metabolic phenotype, termed aerobic glycolysis and historically known as the Warburg effect, is characterized by high glycolytic rates and reduced mitochondrial oxidation (1, 2) , features that may favor cell survival in the hypoxic microenvironments found in tumors. This phenotype also favors the routing of key metabolic intermediates away from oxidative destruction and toward anabolic processes required by rapidly dividing cells (2) . Hypoxia and growth factors may select for this phenotype by activating hypoxia-inducible transcription factor-1 (HIF-1), 3 which induces transcription of glucose transporters, glycolytic enzymes, and many other genes associated with hypoxic survival, angiogenesis, and tissue invasion (3) . Hypoxia, HIF-1 activation, and high lactate levels in tumors are all independently correlated with poor clinical outcome for many human cancers (3) (4) (5) . A causative role for hypoxia and HIF-1 stabilization in tumor formation and progression has been demonstrated (reviewed in Ref. 3) . However, the buildup of glycolytic metabolites, such as lactate or pyruvate, in tumors has historically been viewed as a secondary phenomenon, rather than an active contributor to the malignant process (5) . Recently, several intermediary glucose metabolites have been shown to promote HIF-1 activation independently of hypoxia by interacting with the HIF prolyl hydroxylases (PHD 1-3). The PHD enzymes regulate the continuous oxygen-dependent degradation of the HIF-1␣ subunit (6) . PHDs require oxygen, iron, ascorbate, and 2-oxoglutarate for their activity. Fumarate and succinate have been shown to inhibit PHDs by competing with 2-oxoglutarate (7, 8) , whereas lactate, pyruvate, and oxaloacetate appear to inactivate PHDs in an ascorbate-reversible manner (9) . The dis-covery of these novel signaling actions of metabolites suggests that, like hypoxia, alterations of glucose routing in cancer cells may directly impact malignant progression. This has been demonstrated for the rare familial syndromes of succinate dehydrogenase deficiency and fumarate hydratase deficiency, where the buildup of succinate and fumarate, respectively, may contribute to formation of paragangliomas through sustained HIF-1␣ stabilization (7, 8) .
The pyruvate dehydrogenase complex (PDC) controls pyruvate entry into the tricarboxylic acid cycle and thus sits at the interface between glycolysis and glucose oxidation. The PDC is composed of several enzymatic complexes and their regulatory proteins. Several differentially expressed pyruvate dehydrogenase kinases (PDK-1-4) and pyruvate dehydrogenase phosphatases (PDP1,2) tightly regulate PDC activity via reversible inhibitory phosphorylation of the pyruvate dehydrogenase E1␣ (PDH␣) subunit (10) . This regulation of PDC activity provides a convenient way for cells to divert pyruvate into anabolic pathways, while favoring oxidation of other fuels. Pyruvate dehydrogenase kinase-1 (PDK-1) was recently identified as an HIF-1-regulated gene, which directly ties HIF-1 activation to decreased glucose oxidation through PDH␣ phosphorylation and PDC inhibition (11, 12) . We hypothesize that in cancer, by allowing accumulation of glycolytic end products that can stabilize HIF-1␣, persistent PDH␣ phosphorylation may also potentially establish a feed-forward stimulatory loop between glucose metabolites and HIF-1, thereby accelerating malignant progression. We tested this hypothesis in human head and neck cancer cells.
EXPERIMENTAL PROCEDURES
Cell Culture and Treatments-Human UM-22A, UM-22B, and JHU-O22 head and neck squamous cell carcinoma cell (HNSCC) lines were cultured in Dulbecco's modified Eagle's medium (DMEM) 1ϫ glutamine, high glucose, no pyruvate supplemented with 10% FBS. and 1% (v/v) penicillin/streptomycin (Invitrogen). The UM-22A and UM-22B were kindly provided by Thomas Carey, University of Michigan. Cell lines were maintained in 21% O 2 , 5% CO 2 , and 74% N 2 in a humidified cell incubator at 37°C. For hypoxia treatments, culture dishes were sealed in a humidified chamber, incubated at 37°C and continuously flushed with a gas mixture of 1% O 2 , 5% CO 2 , and 94% N 2 for the indicated times. Dichloroacetic acid (DCA), L-ascorbic acid, D(ϩ)-glucose, and pyruvate were purchased from Sigma. MG-132 was purchase from Calbiochem.
Cell Number and Viability Determination-Cells were plated in 6-well plates at 0.1-0.25 ϫ 10 6 cells per well. At various times points, cells were trypsinized and counted. The cell number and viability were performed using the Vi-CELL Series cell viability analyzer (BeckmanCoulter), which determines viability based on the trypan blue dye exclusion method.
Colony Formation-Cells (10 4 ) from each cell line were placed in 1 ml of DMEM with 0.3% low melting agarose (soft agar) and 10% FBS and overlaid onto 1 ml/well DMEM with 0.5% agarose and 10% FBS. After 18 days, colonies were counted using the Nikon SMZ1500 microscope and photographed with the Nikon DXM camera.
Lactate Measurements-At various time points, 50 l of medium was taken from cells grown in 2 ml of medium in 6-well cell culture plates and frozen until the time of measurement. Measurements were performed using the CMA 600 Analyzer (CMA-Microdialysis). This instrument performs an automated enzymatic conversion of lactate to H 2 O 2 . Peroxidase catalyzes a reaction between H 2 O 2 and other substrates to form the red violet-colored quinonediimine. The rate of formation of quinonediimine per min is measured at 546 nm.
Preparation of Whole Cell, Nuclear, and Cytoplasmic Extracts-Nuclear and cytoplasmic extracts were prepared according to manufacturer's instructions using the NE-PER kit (Pierce). Whole cell extracts were prepared by lysing cell pellets in RIPA buffer (0.1% SDS, 1% Nonidet P-40, 5 mM EDTA, 0.5% sodium deoxycholate, 150 mM NaCl, 50 mM Tris-HCl, freshly supplemented with 2 mM dithiothreitol, protease inhibitor mixture (Roche Applied Science), 1 mM NaVO 4 , and 10 mM NaF) for 30 -60 min on ice. Lysates were centrifuged (4°C) at 16,000 ϫ g for 10 min, and supernatant was collected for Western blot analysis. Protein concentration was determined using the Bradford assay (Bio-Rad).
Western Blot Analysis-Western blots were performed by running 50 -75 g of nuclear or 35-50 g of whole cell or cytoplasmic protein extracts on 4 -12% SDS-polyacrylamide gels and transferred to nitrocellulose membranes by standard procedures. Membranes were blocked with TBS/Tween with 5% nonfat milk for 1 h and then either incubated overnight at 4°C or 1 h at room temperature with the respective primary antibody: PDH E1␣ phosphoserine 293, 1:5000 (Novus Biologicals) 4 ; PDK-1, 1:2500 (Assay Designs); PDK-2, 1:1000, Robert Harris Lab (Indiana University School of Medicine); PDK-3, 1:1000 (Abgent); PDH E1␣, 1:5000 (Invitrogen); HIF-1␣, 1:400 (BD Transduction Laboratories); HIF-1␤, 1:1000 (Novus Biologicals); and ␤-actin, 1:10,000 (Abcam). Immunoreactive bands were visualized using horseradish peroxidase-conjugated anti-mouse or anti-rabbit secondary antibody, 1:10,000 and enhanced chemiluminescence reagent (Pierce). Densitometry was performed using Image J software (National Institutes of Health).
Cell Transfections-Validated plasmids encoding short hairpin RNA (shRNA) for PDK-1, PDK-2, and negative control (SuperArray) were purified for transfection into 22B cells using the QIAfilter maxi plasmid kit (Qiagen Sciences) and introduced into the cells using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions. Cells were placed under selective pressure 24 h post-transfection, using 1.5 mg/ml Geneticin (Invitrogen).
PDC Activity Assay-PDC activity was assayed according to previously published methods with minor modifications for use with culture cells (13) . Cells were grown to confluency in 100-mm dishes and rinsed with phosphate-buffered saline (PBS) (without Ca 2ϩ /Mg 2ϩ ). Extraction buffer (400 l) was added directly to the plates, and the cells were scraped and pelleted. Samples were homogenized with a motor-driven homogenizer and then centrifuged at 13,000 rpm for 10 min with a tabletop microcentrifuge. Phenylmethylsulfonyl fluoride (1 M final concentration) was added to the PDC extraction and resuspension buffer just before use.
Glucose Oxidation-Glucose oxidation was assayed via 14 CO 2 capture using uniformly labeled glucose according to previously published methods (14) with the exception that Krebs buffer was used as the assay buffer, and protein contents were determined using the Bradford assay.
VEGF Enzyme-linked Immunosorbent Assay-Culture medium VEGF was measured via an enzyme-linked immunosorbent assay according manufacturer's instructions (R & D Systems). Cells were plated in 6-well dishes, and medium was replaced at the start of the 24-h experiment. At the end point, media samples were taken and frozen to assay VEGF, and cells were trypsinized and counted for normalization.
Cell Invasion Assay-Cell invasion experiments were performed using 24-well Biocoat Matrigel TM invasion chambers with an 8-m pore polycarbonate filter according to the manufacturer's instructions (BD Biosciences). Regular growth factor Matrigel invasion chambers were used (BD Biosciences). Prior to experimentation all invasion chamber inserts were hydrated according to the manufacturer's protocol. Briefly, cells in the growing phase were trypsinized and suspended at a concentration of 4 ϫ 10 5 cells/ml. The lower compartment of the plates received 750 l of serum-free medium and/or the treatment condition designated in each experiment. 2 ϫ 10 5 cells (for serum-free medium experiments) and 2.5 ϫ 10 4 cells (for 10% serum medium experiments) were plated in each insert and allowed to invade for 48 h at 37 C in a humidified incubator with 21% O 2 .
Xenograft of Human Tumors-BALB/c male nude mice were purchased from NCI-Frederick (Frederick, MD) and housed in a pathogen-free room controlled for temperature and humidity. All animal protocols and handling were performed under approved Uniformed Services University of the Health Sciences IACUC guidelines. Twenty (22B control shRNA, n ϭ 10, 22B PDK-1 shRNA, n ϭ 10) 6 -8-week-old mice were injected subcutaneously in the scruff with 1 ϫ 10 7 cells in 100 l of PBS. Tumor bearing mice (9 from each group) were used for the experiment. One week after injection, tumor volume was assessed bi-weekly for 2 months using a digital caliper and calculated using the following formula: volume ϭ (a ϫ b 2 )/2, where a is the widest diameter of the tumor, and b is the diameter perpendicular to a. The results from individual mice were graphed as average tumor volume over 60 days.
1
H NMR Spectroscopy-Six replicate and three replicate flasks were cultured for the 22B control shRNA and 22B PDK-1 shRNA cell lines, respectively. Cells were plated at 70% confluency, and media and cells were collected when cells reached confluency. Cells were rinsed with PBS and then harvested by scraping into 5 ml of PBS and centrifuging for 5 min at 600 ϫ g. PBS was removed, and cells were stored at Ϫ80°C until extraction procedure.
CHCl 3 /Methanol Cell Extraction-Cells were suspended in 200 l of CHCl 3 and 100 l of methanol on ice and mixed vigorously. The cells were thoroughly mixed with 300 l of H 2 O before the resulting suspension was centrifuged at 9500 ϫ g for 10 min. The upper aqueous layer was separated from the lower organic layer and allowed to stand overnight to allow methanol to evaporate before freeze-drying. The resultant aqueous extract was reconstituted for NMR in 500 l of deuterated 0.1% sodium phosphate buffer containing 0.002% 3,3,3-trimethylsilyl propionate, as an internal reference peak, and 0.02% azide.
NMR Data Acquisition-NMR spectra were acquired on a Bruker DRX600 spectrometer operating at 600.13-MHz 1 H NMR frequency and 300 K.
1 H NMR spectra of the samples were acquired using a one-dimensional nuclear Overhauser effect spectroscopy pulse sequence (RD-90°-t1-90°-t m -90°-acquire), which generates an unedited spectrum with improved solvent peak suppression. For all spectra 256 free induction decays were collected into 32 K complex data points, using a spectral width of 12,019 Hz (20 ppm), with a 2-s relaxation delay between pulses. A water presaturation pulse was applied throughout the relaxation delay.
NMR Spectral Data Processing-NMR spectra were acquired on a Bruker DRX600 spectrometer using the standard one-dimensional pulse sequence and processed as described previously (15) . Spectra were referenced internally to the anomeric proton signal of ␣-glucose at 5.23 ppm. Spectra were normalized to an internal reference peak. Significant differences in resonance intensities were determined using the probabilistic quotient normalization method (16) .
All averaged results are presented as mean Ϯ S.D. Differences in means were statistically analyzed using a two-tailed Student's t test. A probability level of 0.05 was considered significant.
RESULTS
PDC and HIF-1 in Human HNSCC Cells-To elucidate a possible role for PDH␣ phosphorylation in the malignant phenotype of cancer cells, we utilized the human head and neck squamous cell carcinoma (HNSCC) cells lines UM-22A, UM-22B, and JHU-O22. Two of these were generated from a primary (UM-22A) and metastatic lesion (UM-22B) in the same patient (17) . Although these cancer cell lines showed comparable anchorage-dependent growth properties (Fig. 1A) , the 22B cells displayed much greater anchorage-independent growth in soft agar colony formation assays (Fig. 1B) and twice the lactate accumulation seen with the other cell lines (Fig. 1C) . Also, the 22B cells alone accumulated nuclear HIF-1␣ protein after 12 h in culture under normal oxygen conditions (Fig. 1D) . Normoxic or basal HIF-1␣ expression can be mediated by products of glucose metabolism and is additive with hypoxiainduced HIF-1␣ accumulation (9) . In keeping with this, 22B cells also displayed the highest induction of HIF-1␣ following 4-h exposures to hypoxia (1% O 2 ) (Fig. 1D) . To determine the respective PDH␣ phosphorylation status of the HNSCC cell lines, we used a PDH␣ phosphoserine 293 (site 1)-specific antisera since phosphorylation of this site produces nearly complete inhibition of PDC activity (18) . A monoclonal antibody was used to measure total PDH␣ expression, and densitometry was used to determine the ratio of phospho-PDH␣ to total PDH␣. The highest ratio of phospho-PDH␣ to total PDH␣ was observed in the 22B cells (Fig. 1E) . Although differential expression of PDK isoforms 1-3 was seen among the head and neck cancer cell lines, we observed the highest basal expression of PDK-1 in 22B cells (Fig. 1E) .
DCA Treatment in HNSCC Cells-Recent studies with the weak PDK inhibitor DCA have suggested that inhibition of PDH␣ phosphorylation may activate PDC, shift cancer cell metabolism toward aerobic respiration, promote cancer cell apoptosis, and reduce tumor growth (11, 12, 19, 20) . However, none of these studies documented direct changes in PDH␣ phosphorylation or PDC enzymatic activity. Using the phospho-specific antibody, we found that DCA decreased PDH␣ phosphorylation dose-dependently in 22A cells but was surprisingly without significant effect in 22B cells, even at concentrations up to 20 mM (Fig. 1, F and G) . Also, the time-and dose-dependent inhibition of lactate release by DCA observed in 22A cells was absent in 22B cells (Fig. 1, H and I) . Moreover, at the high doses required for its effects, DCA produced toxicity in the 22B cells but not the 22A cells (Fig. 1J) . In addition to being a weak inhibitor of PDK, DCA also blocks glutathione S-transferase (21), inhibits cholesterol biosynthesis (22) , promotes oxidative stress (23) , and activates peroxisome proliferator-activated receptors (24) . Both these published observations and our data persuaded us to use more specific strategies for implicating a role for PDH␣ phosphorylation in cancer biology.
PDK Inhibition with shRNA-We therefore utilized shRNA to knock down PDK-1 expression in 22B cells. Cells were transfected with a vector under control of the U1 promoter containing a neomycin-resistant gene, and stably expressing cell lines were selected by antibiotic treatment. Western blot analysis showed the effective reduction of PDK-1 expression in the stably transfected PDK-1 shRNA (shPDK-1) cells when compared with cells transfected with control shRNA (shCt) (Fig. 2A) . PDK-2 expression was slightly increased in the shPDK-1 cells, whereas PDK-3 expression remained low in both cell lines (Fig.  2A) . Western blotting confirmed reduction of PDH␣ phosphorylation but not PDH␣ expression following PDK-1 knockdown ( Fig. 2A) . Measurement of PDC enzymatic activity in cell lysates showed that shCt cell extracts had 60% lower PDC activity than the shPDK-1 cells. 5 However, after addition of recombinant PDP-1 to maximally dephosphorylate PDH␣, and thus fully activate PDC, the shCt cell extracts actually showed greater total activity than the shPDK-1 cell extracts, 5 confirming strong phosphorylation-dependent inhibition. The ratio of active to total PDC was four times higher in the 22B shPDK-1 cells compared with the 22B shCt cells (Fig. 2B) . Consistent with this, the shPDK-1 cells were found to oxidize uniformly labeled [ 14 C]glucose to 14 CO 2 at twice the rate of shCt cells (Fig. 2C) . Furthermore, whereas 22B shCt cells generated similar amounts of medium lactate as the nontransfected 22B cells, lactate secretion by the shPDK-1 cells was decreased to levels similar to the 22A and O22 cell lines (Fig. 2D) . To rule out the influence of differential lactate transport rates between the cells, we also analyzed the aqueous component of the cell extracts by 1 H NMR spectroscopy. This approach confirmed a pronounced reduction in cellular lactate following PDK-1 knockdown but few other changes in metabolite accumulation patterns (Fig. 2E) . Notable other changes were a decrease in glycerophosphocholine and branched-chain amino acids (isoleucine, leucine, and valine) and a rise in free CH 2 and CH 3 lipids following PDK-1 knockdown. An unidentified metabolite at corresponding to a singlet at 7.69 ppm was also markedly reduced in the shPDK-1-transfected cells.
Comparative analysis of the 1 H NMR spectra generated for the culture medium revealed elevated levels of glucose in the medium that contained the PDK-1 shRNA cell lines compared with the controls (p Ͻ 0.01), where glucose to lactate ratios 5 N. H. Jeoung, unpublished data. were also significantly higher (p Ͻ 0.05). The data also suggested elevated levels of branched chain amino acids in the same medium, although this was not statistically significant (p ϭ 0.085). 6 Decreased HIF-1␣ with PDK Inhibition-Many cancer cells are known to have a high level of HIF-1␣ accumulation under basal as well as hypoxic conditions (9, 25) . Prior work has shown that glucose metabolism contributes to this normoxic HIF-1 activation in cancer cells. Removal of medium glucose or its substitution with nonglycolytic fuel sources has been shown to diminish hypoxia-independent basal HIF-1␣ accumulation and also to lower HIF-1␣ stabilization by hypoxia (9, 25) , suggesting a key role for glycolytic metabolism in regulating both normoxic and hypoxic HIF-1 activation. To examine whether altering the ratio of glycolysis to glucose oxidation via PDC activation had an impact on HIF-1␣ stabilization, we measured nuclear HIF-1␣ accumulation in cells following 16 h of culture with or without exposure to hypoxia (1% O 2 ) for the final 4 h (Fig. 3A) . We found that the normoxic and hypoxia-dependent HIF-1␣ accumulation seen in the parent 22B cells was retained in the shCt cells. However, PDK-1 knockdown eliminated normoxic and reduced hypoxic accumulation of HIF-1␣. A similar effect was seen in 22B cells stably transfected with shRNA targeting PDK-2, which has been proposed to form functional heterodimers with PDK-1 (26). However, HIF-1␣ accumulation following treatment with the proteasome inhibitor MG-132 was similar in all transfectants (Fig. 3B) , suggesting that HIF-1␣ reduction by PDK knockdown was not because of decreased HIF-1␣ protein production. Normoxic or glycolytic HIF-1␣ accumulation also differs from hypoxic HIF-1␣ accumulation in that it is reduced by ascorbate (9, 27, 28) . The basal HIF-1␣ accumulation seen in the parent 22B and the shCt cells following 24 h of culture in Krebs buffer was indeed abolished by 100 M ascorbate (Fig. 3C) . Ascorbate did not, however, affect the phosphorylation status of PDH␣, suggesting that the reduction of normoxic HIF-1␣ accumulation by ascorbate occurs independently from PDC activity.
The direct regulation of HIF-1 by glucose metabolism is most readily and specifically demonstrated using short term culture 6 O. Teahan and T. M. Tseng, unpublished data. of cells in Krebs buffer rather than in complete medium, which contains added serum factors and amino acids (9, 25, 27) . Under these conditions, the shCt 22B cells showed a much stronger HIF-1␣ accumulation in the presence of 5 mM glucose than the shPDK-1 and shPDK-2 cells (Fig. 3D) . Elimination of glucose from the Krebs buffer prevented HIF-1␣ accumulation in all cells. HIF-1␣ stabilization by glucose is also known to require the metabolism of glucose to lactate and pyruvate (9) . Both of these metabolites can substitute for glucose in promoting normoxic HIF-1␣ accumulation in many cell lines, but lactate requires conversion to pyruvate for its action (9, 25) . We observed that substitution of pyruvate for glucose in the Krebs buffer produced a more robust, dose-dependent HIF-1␣ accumulation over 4 h in the shCt compared with the shPDK cells (Fig. 3E) . The basal HIF-1␣ accumulation in 22B cells was lost following PDK-1 and PDK-2 knockdown. These observations suggested that reduction of PDC activity via PDK-mediated phosphorylation of PDH␣ can sensitize cells toward HIF-1␣ stabilization by glucose or glycolytic metabolites.
PDK Inhibition Reduces Expression of a Malignant PhenotypeWe next determined whether several phenotypic biological changes relevant to malignancy were altered by enhancement of PDC activity in 22B cells. No difference was observed in the anchorage-dependent growth of 22B cells following knockdown of PDK-1 (Fig. 4A) . However, the shPDK-1 cells showed significantly higher cell death under prolonged hypoxia (Fig.  4B) , as well as a profound reduction in their ability to form colonies in soft agar (Fig. 4C) . Moreover, the shPDK-1 cells also displayed a 50% decrease in VEGF secretion as assessed by VEGF enzyme-linked immunosorbent assay analysis (Fig. 4D) and showed a loss of invasiveness in Matrigel TM -coated Boyden chambers (Fig. 4E) . These in vitro results suggested that PDC activity may be an important determinant of aggressive tumor growth. To examine the impact of PDK knockdown on in vivo tumor growth, we performed xenograft studies using nude mice. After injecting 1 ϫ 10 7 cells into the posterior neck scruff of 10 mice for each group, palpable tumors were seen at 1 week and subsequently measured bi-weekly for 2 months. Nine of 10 mice formed tumors in each group. Fig. 4F (left panel) shows that PDK-1 knockdown led to a dramatic reduction of tumor growth. Three examples of representative tumors show the marked differences seen in gross tumor morphology (Fig. 4F, right panel) . The shPDK-1 tumors remained white with the development of externally visible erosive areas. The much larger shCt tumors exhibited no externally visible erosion and appeared to be well vascularized based on their dark color and subsequent histology. 7 Western blot analysis of three separate tumors from each group showed that the differential PDH␣ phosphorylation state and HIF-1␣ accumulation observed in vitro was maintained in vivo (Fig. 4G) .
DISCUSSION
Altered Glucose Metabolism in Cancer-Aerobic glycolysis occurs transiently in normal cells, but has been known for more than 80 years as a persistent feature of malignant cells. Commonly referred to as the Warburg effect, this metabolic pattern reflects a relative imbalance between the glycolytic and oxidative phases of glucose metabolism. There are likely to be many prerequisites of cell transformation that occur before aerobic glycolysis becomes associated with malignancy, including the loss of cell cycle regulation. However, several of the oncogenes commonly dysregulated in cancer, including Akt (29), Myc (30), and Ras (31), also appear to up-regulate overall glycolysis. HIF-1 also directly enhances glycolysis by increasing the transcription of glycolytic enzyme genes, and HIF stabilization is a prominent feature of many cancers (3). This is in part due to the above oncogenic dysregulations but also due to the diffusionlimited and hypoxic microenvironment of solid tumors (3, 5) . In addition to up-regulated glycolysis, decreased glucose oxidation in cancer cells can result from mitochondrial DNA mutations (27) , p53 mutations (32, 33) , and rare familial mutations in the tricarboxylic acid cycle enzymes succinate dehydrogenase and fumarate hydratase (7, 8, 34) . Thus, many molecular features of cancer cells can increase the ratio of glycolytic to oxidative glucose metabolism and lead to the buildup of glycolytic metabolites.
Altered lactate dehydrogenase activity and decreased PDC activity have also gain attention as contributors to the aerobic glycolysis pattern in cancer cells (19, 20, 35, 36) . These enzymatic activities are positioned at the interface of glycolytic and oxidative glucose metabolism and normally serve to regulate the transient imbalances between glycolytic and oxidative glucose metabolism in normal tissues. PDC activity is regulated by reversible inhibitory phosphorylation as a normal homeostatic regulatory mechanism and is used by organs, such as the liver, and muscle to help adjust metabolic fuel routing in response to changes in blood nutrient levels (10) . These physiological changes in PDC phosphorylation are normally transient in nature. However, the identification of PDK-1 as an HIF-1 regulated gene has suggested that the PDC may become persistently inhibited in cancer cells and may be a key factor in producing the Warburg aerobic glycolysis metabolic pattern (11, 12) .
Novel Signaling Actions of Altered Metabolism in CancerGiven the above links between molecular dysregulation and metabolic phenotype in cancer cells, it is not surprising that the accumulation of glycolytic metabolites in human tumors is strongly associated with poor clinical outcome (5) . That the accumulation of glycolytic and tricarboxylic acid cycle metabolites may actually enhance malignancy in cancer is, however, a more recent and surprising realization. Promotion of angiogenesis (37, 38) , metastasis (5), and immune evasion (39) are among the relevant biological actions recently attributed to glycolytic metabolites. The seminal finding of HIF-1 regulation by glycolytic metabolites (25) has provided one possible mechanism for these novel biological effects. Lactate, pyruvate, and several tricarboxylic acid cycle intermediates have been shown to stabilize HIF-1 under normoxic conditions and by direct or indirect inhibition the prolyl hydroxylase (PHD) enzymes, which target HIF-1␣ for degradation. Both succinate and fumarate have been reported to stabilize HIF-1 in a manner reversible by 2-oxoglutarate, the natural substrate of the PHDs (7, 8) . On the other hand, pyruvate, oxaloacetate (9) , and malate (40) have been reported to inhibit PHD activity in a 2-oxoglutarateindependent manner. Because addition of ascorbate and Fe 2ϩ , the other required PHD cofactors, reverses their inhibitory effect, these latter metabolites have been proposed to promote uncoupled enzyme reactions that lock PHDs into inactive states (9, 34) . Some of the discrepancies reported in the literature regarding these phenomena may reflect differences between experimental conditions used with in vitro and cell-based assays, potential inter-conversion of metabolites, and cell typespecific metabolic phenotypes (7-9, 25, 27, 34, 41, 42) . Nevertheless, enhanced HIF-1 stabilization by glycolytic metabolites represents an important concept for understanding the close association of aerobic glycolysis with malignancy. We have previously shown that even in normal human primary cells sustained elevation of lactate and pyruvate can indeed increase HIF-1 stabilization (25) . We thus believe that HIF-1 regulation by glycolytic metabolites may represent a widespread signaling mechanism akin to hypoxic regulation of HIF-1. As with hypoxic activation of HIF-1, regulation of this transcription factor by glycolytic metabolites is likely to be beneficial for normal tissues (37) . This is because HIF-1 activates genes governing angiogenesis, erythropoiesis, and enhanced cell survival (3). Unfortunately, this same response is believed to also be beneficial for the survival of cancer cells, much to the detriment of the organism. Thus, although sustained HIF-1 activation does not cause cancer, it can amplify malignant progression by enhancing survival of cancer cells, particularly under hypoxia, as demonstrated in our paper. This capability is essential for formation of solid tumor, in which hypoxia is a key selection pressure for cell survival.
Reciprocal Interactions between PDK-1 and HIF-1 ActivityHere we have demonstrated that inhibition of PDK-1 expression in HNSCC leads to a dramatic reduction in lactate levels, HIF-1␣ expression, and attenuation of the expression of a malignant phenotype. Thus, restoration of PDC activity via inhibition of PDH␣ phosphorylation in cancer cells not only blunts the Warburg phenotype but also reduces in vivo malignant potential. The reduction in expression of a malignant phenotype following PDK knockdown may in part be due to the reduced HIF-1␣ expression. Although PDK-1 is known to be an HIF-1-regulated protein (11, 12) , this work is the first to demonstrate that expression of PDK-1 can in turn regulate HIF-1. Moreover, our data suggest that the reduction in HIF-1␣ stability seen following PDK knockdown may in fact be due to decreased buildup of glycolytic metabolites, as reflected by lactate. The approaches used in this study were not sensitive enough to resolve changes in and interconversions between various glycolytic metabolites. However, regulation of HIF-1␣ accumulation by glucose and pyruvate was observed to be dependent on the state of PDC inhibition and was also sensitive to ascorbate but not 2-oxoglutarate. 8 In addition to changes in cellular energy metabolism, redox status has been shown to modulate hypoxia-inducible factor prolyl hydroxylase activity in vivo and in vitro (9, 34) . Following PDK-1 knockdown, we observed a prominent change in the glucose metabolism profile and in the ability of glucose metabolites to regulate HIF-1. We cannot rule out that this represents adaptations in redox buffering systems in the stably transfected shPDK-1 and -2 cells. Regardless, the identification of PDK-1 as an HIF-1-regulated protein along with our findings showing that inhibition of PDK-1 and -2 expression reduces basal HIF-1␣ suggests the existence of important signaling loops between cell metabolism and HIF-1. It also suggests that mutations in cancer that result in either increased HIF-1 or PDK expression can activate a malignancy-promoting feed-forward loop.
Glucose Metabolites and Anabolic Support-HIF-1 is known to induce transcription of most glycolytic genes and glucose transporters. By also enhancing the phosphorylation of PDH␣ via PDK-1 induction, sustained HIF-1 activation may help ensure that dividing cells get enough ATP from glycolysis, whereas sparing glycolytic metabolites for anabolic purposes. The routing of glucose-derived and other metabolic intermediates toward the synthesis of macromolecules instead of toward oxidation supports the high rate of cell division and anabolic increase in cancer cells (2) . The reduction in lactate accumulation and enhancement of glucose oxidation in the shPDK-1 cells was accompanied by a significant drop in glycerophospho-choline levels and a rise in total CH 2 and CH 3 lipids. This suggests that the routing of glucose metabolism by PDC activity may also impact lipid oxidation and membrane lipid turnover in cancer cells. Of note, membrane lipid turnover is a key feature of dividing cells and is also involved in growth factor signaling (2) .
The PDC as a Therapeutic Target for Cancer-Pharmacological inhibition of PDK with DCA was reported recently to inhibit xenograft tumor growth in a variety of carcinoma and glioblastoma cancer cell lines (19) . DCA treatment was also shown to increase the effects of cytotoxic therapy (20) . However, DCA is a weak PDK inhibitor and may have differential potency for distinct PDK isoenzyme combinations (26) . These studies did not clearly demonstrate reduced PDH␣ phosphorylation and PDC activity as the mechanism of the DCA effects. In our study the effectiveness of DCA in lowering PDH␣ phosphorylation and lactate generation was much greater for the primary 22A cells than for the metastatic 22B cells. Although we do not yet know whether this differential sensitivity is because of differential activity of PDK and PDP homologues in the two cell types, our results clearly show heterogeneous DCA sensitivity in human cancer cells. DCA also produced cytotoxicity in the 22B cells even in the absence of evidence for inhibition of PDH␣ phosphorylation. Thus, in addition to providing support for PDK isoforms as potential therapeutic targets for killing cancer cells, our study suggests a need for developing better PDK inhibitors. PDK activity can also be enhanced allosterically by the intramitochondrial accumulation of NADH or acetyl-CoA (10), which may allow downstream mitochondrial molecular lesions, such as tricarboxylic acid cycle enzyme defects, electron transport chain defects, and cytochrome c oxidase defects to also inhibit PDC activity and produce the Warburg metabolic phenotype in cancer cells. Besides PDK inhibitors, there may be other approaches for correcting the metabolic milieu within tumors, including the optimization of vitamins and co-enzymes required for PDC activity. Recent advances in the ability to quantitatively image tumor lactate and pyruvate in biopsies (5, 43) , as well as in vivo (44, 45) , now offer an ideal opportunity to test therapeutic approaches aimed at reverting the Warburg effect in cancer. Our results also stress the need for a better understanding of cell and tumor typespecific metabolic responses to therapy.
